The state-of-the-art blood pressure measurement is beside common cuff-based methods the cuff-less estimation of pulse-transit-time, which is the time a blood pressure wave requires to travel from left ventricle of the heart to another peripheral point in the cardiovascular system. Within this work we present a novel estimation method for cuff-less blood pressure measurement by analysing a single photoplethysmographic signal in the frequency domain. The harmonic phase-shift of the fundamental frequency and the first harmonic within the photoplethysmographic signal has proven a strong correlation of r = 0.8514 and r = 0.9315 with systolic and diastolic blood pressure respectively. Keywords: cuff-less blood pressure measurement, pulse transit time, photo-plethysmography, non-invasive beat-tobeat blood pressure measurement, long term blood pressure measurement, harmonic analysis
Introduction
According to the guidelines of the European Society of Hypertension International Protocol revision 2010, the requirements for long time blood pressure measurement (BPM) are besides simple handling, robustness against movements and accuracy requirements of better than ±5 mmHg, that the patients motion is not restricted during the measurement. Essentially those requirements are desirable for the reliable interpretation of the blood pressure (BP) of hypertensive patients, because the diagnosis often requires long term measurements over a period of 24 hours, where especially non-invasive non-obstructive easy to use methods are required to reduce patient load significantly. A continuous beta-to-beat BPM method is desirable for the analysis of long term measurements, because in the majority of situations the BP needs to be correlated to the patients activity.
State-of-the-art
The general relationship between the commonly analysed pulse-transit-time (PTT) and the BP is subject of a series of investigations, whereby different groups of patients from all ages and health conditions are analysed in regard to obtain good correlation between the PTT and the systolic (SBP) and diastolic blood pressure (DBP) respectively. The correlation coefficients found were at least |r| = 0.85 for SBP and |r| = 0.61 for DBP [1] [2] [3] [4] [5] . Even though, the estimation of the PTT has some disadvantages: (i) the dependency on the measuring location and the length of measuring distance, (ii) the choice and method to find minima, maxima and saddle points within the photoplethysmography (PPG) and electrocardiography (ECG) signals, (iii) appearance of undetermined fluctuations in the time delay between the pressure wave and the ECG Rpeak during blood ejection of the left ventricle and (iv) the influences of auto-regulation on arterial stiffness that produce undetermined drifts of the PTT values over time [6] [7] [8] [9] [10] .
Instantaneous harmonic phase-shift (IHPS) in PPG signals
Within this work a novel method to estimate non-invasive continuous blood pressure (CBP) from a single PPG signal is proposed. In contrast to the PTT method, the novel approach is based on the assumption, that the phase-velocity of the fundamental frequency and higher harmonics is dependent on the non-linear elastic properties and consequently on the actual dilatation of the arteries. As the fundamental frequency in general, has larger amplitudes than the higher order harmonics, their phases travel at higher phase-velocities, hence producing a larger phase-shift among them if the pressure and dilatation within the artery increases. The dependency of the pulse-wave-velocity (PWV) and the geometrical and elastic parameters is described by the Moens-Korteweg Equation:
Here ε(p) is the circumferential elongation of the artery according to changes in transmural pressure p, h and d are wall thickness and vessel diameter and ρ is the density of the fluid [3, 12] . PPG Signals can be decomposed into its fundamental frequency and several harmonics, whereby the pressure amplitude of the fundamental is usually larger than the harmonics, hence leading to higher phase velocities and consequently an increasing phase-shift among them. The resulting method for BP estimation is thus reduced to a simple beat-to-beat frequency domain analysis of harmonic phase-shifts between the fundamental frequency and the first harmonic within a single PPG signal. The new approach therefore satisfies the conditions of a simple one sensor measurement setup and a standard frequency analysis, conditions which improve the measurement setup considerably.
The computation of the phase-shifts were performed on a series of post processed PPG signals including (i) coherent averaging (CA) with and without overlapping (OL) periods, (ii) multi period analysis and (iii) zero padding (ZP) to compute the quasi-continuous spectrum in frequency the domain. The methods were applied to improve periodicity and frequency resolution of the raw signals. After preprocessing the instantaneous harmonic phase-shift (IHPS) between the fundamental frequency and the first harmonic was computed in a beat-to-beat manner. The numeric values of the correlation coefficients of the SBP as well as the DBP and the IHPS obtained with either method are given in table 1 Figure 1 shows the results of the beat-to-beat analysis of the raw signals, whereby the instantaneous systolic blood pressure (ISBP), the IHPS and the instantaneous heart rate (IHR) are plotted over the entire signal duration of N p = 894 periods.
The correlation values obtained within the long-time estimation for SBP were as high as r = 0.8514, while the value for the DBP are found to be r = 0.9315, whereby the strong correlations were achieved by different post processing methods. The number of periods used for CA as well as the number of periods used within the multi period analysis is chosen with regard of maximum correlation coefficient and therefore the optimal number of periods are given in table 1. 
The different post-processing methods in comparison
The raw data set is divided into individual periods by means of the R-peak of the ECG signal, which leads to the best results with respect to the correlation coefficient. The periods are analysed afterwards in frequency domain by using the discrete Fourier Transform (DFT). There are several options to improve the correlation with regard to better comparability caused by quasi constant frequency resolution or for signal filtering in order to minimize the influence of outliers, whereby each postprocessing method has its specific advantages and disadvantages with regard to the correlation coefficient, 
Beat-to-beat analysis
The analysis of the signal in the frequency domain leads to the frequency resolution varying from period to period due to the different lengths of the individual periods. Also the frequency of the fundamental φ pi,1 and the first harmonic φ pi,2 varies. As an example, Figure 2 shows the magnitudes X pi and phases φ pi of the p i th instantaneous heart-beat. The fundamental and the first harmonic are highlighted. The phases of the positive frequency are used for the IHPS calculation.
Multi-period analysis
The multi-period analysis reduces the time domain resolution used in the estimation of the BP, while improving the frequency domain resolution Δf. Due to the higher frequency resolution, the fundamental frequency and the first harmonic can be determined more precisely. This also improves the correlation coefficient to the BP. The number of periods is selected in a way that the correlation coefficient is maximal, this consideration is made separately for the systole and the diastole and can therefore differ in the number of periods.
Coherent averaging
Coherent averaging (CA) is already successfully used in similar settings [13] . The method unifies the duration of a number of periods in time domain by time stretching all heart-beat durations to the maximum duration found within the ensemble, so that the number of sample values are the same in every period. Subsequently the point-wise mean and standard deviation are computed (see Figure 3) . The advantage of CA is the reduction of the effect of outlines as well as a uniform frequency resolution Δf CA . An overlap of the adjacent heart-beats as described previously allows to calculate a beat-to-beat IHPS, whereby a zero overlap reduces the time resolution by a factor N CA .
Zero padding and the computation of the quasi-continuous spectrum
Another common method to improve the frequency resolution is the unification of the period by zero padding of each heart-beat to a given length, which also unifies the frequency resolution Δf to a common value. The quasicontinuous spectrum is obtained by increasing the frequency domain resolution to any precision (see Figure 4) . The discrete bins corresponds to the frequency spectrum of the zero padded signal, wherein the quasi-continuous spectrum can be calculated as precisely as desired. Besides this the method increases the accuracy of the fundamental frequency and the first harmonic.
Conclusion
The uniqueness of the novel estimation method emerges from the reduced number of signals required and the simplicity of the algorithm, which is realised by basic signal processing methods only. Furthermore the analyses in frequency domain is not dependent on the afore mentioned drawbacks present in the state-of-the-art PTT method, except the influence of the regulation mechanism in long time estimations.
With regard to a maximum correlation coefficient the best results was achieved by CA using 33 periods with an overlap of 32 heart beats with r = 0.8514 for the SBP and r = 0.9315 for the DBP using 26 periods without overlap.
According to its simplicity, we assume that the method will improve the measurement conditions and interpretation of BP data of hypertensive patients in near future.
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